Objective-The pathogenicity of anti-human fVIII monoclonal antibodies (MAbs) was tested in a murine bleeding model.
Introduction
Approximately 30% of patients with hemophilia A develop detectable anti-factor VIII (fVIII) antibodies in response to infusions of fVIII [1, 2, 3, 4] . The immune response to fVIII currently is the most significant complication in the management of patients with hemophilia A. In addition, autoimmune antibodies to fVIII can develop in non-hemophiliacs, producing acquired hemophilia A, which frequently produces life-or limb-threatening bleeding.
FVIII contains a domain sequence designated A1-A2-B-ap-A3-C1-C2. It circulates as an A1-A2-B/ap-A3-C1-C2 heterodimer bound to von Willebrand factor (VWF). During the activation of fVIII by thrombin, the B domain and the light chain activation peptide, ap, are released, and cleavage between the A1 and A2 domains occurs, producing an A1/A2/A3-C1-C2 heterotrimer [5] . Factor Xa also activates fVIII and catalyzes these cleavages along with additional cleavages in the A1 and A2 domains and a slow cleavage in the A3 domain. Activated fVIII (fVIIIa) functions as a cofactor for factor IXa during intrinsic pathway factor X activation on phospholipid membrane surfaces. Thus, fVIII inhibitors potentially can act by interfering with the activation of fVIII, decreasing the binding of fVIII to VWF, or inhibiting fVIIIa function. FVIII inhibitors can either inhibit fVIII completely or incompletely at saturating concentrations, corresponding to type I and type II behavior, respectively [6] .
In either congenital or acquired hemophilia A, the majority of inhibitory antibodies are directed at either the 40-kDa A2 or the 15-kDa C2 domains of fVIII [7] . Congenital hemophilia patients typically have a polyclonal response consisting of antibodies to both the A2 and C2 domain, whereas acquired hemophilia patients typically have a more limited B cell epitope response and either have anti-A2 or anti-C2 antibodies but not both [7] . Inhibitor plasmas from acquired hemophilia patients often have type II characteristics with incomplete fVIII activity at saturating concentrations of antibodies. Despite this incomplete inhibition of fVIII many acquired hemophilia patients have a severe bleeding diathesis. Initially, anti-C2 antibodies were identified that inhibit the binding of fVIII to phospholipid membranes [8] . However, it has been reported that the C2 domain also contributes to the binding of fVIII to VWF, thrombin and factor Xa [9, 10, 11] . Phospholipid membranes and VWF bind to at least partially overlapping sites on fVIII, because their binding to fVIII is mutually exclusive [12, 13, 14] . Consistent with this observation, anti-C2 antibodies have been identified that inhibit the binding of fVIII to both phospholipid membranes and VWF [15, 16, 17] . However, these sites are not identical because the ap region makes a major contribution to the interaction of fVIII with VWF, but not phospholipid [18, 19] . Additionally, although most antibodies that inhibit phospholipid binding also inhibit VWF binding, differential inhibition has been observed with some antibodies [20, 21] . Because VWF is not necessary for the procoagulant function of fVIII per se, antibodies that solely inhibit the binding of fVIII to VWF might not have inhibitory activity in in vitro coagulation assays. However, they could be pathogenic by decreasing the circulatory lifetime of fVIII, which decreases when it is not bound to VWF. Additionally, murine anti-C2 monoclonal antibodies (MAbs) [10, 22] and anti-C2 antibodies in polyclonal patient plasmas have been identified that interfere with the activation of fVIII by thrombin or factor Xa [9, 22] .
We have characterized the diversity of a large panel of anti-C2 MAbs that were produced in a murine hemophilia A immunogenicity model [20] . Five groups of structural epitopes were defined based on patterns of overlapping epitopes. Group A, AB and B antibodies correspond to classical anti-C2 antibodies that inhibit the binding of fVIII and fVIIIa to phospholipid and VWF. Group BC antibodies are the most frequent and are type II inhibitors with inhibitory titers usually greater than 10,000 Bethesda units per mg IgG. These antibodies inhibit the activation of fVIII by thrombin and factor Xa in the presence and absence of VWF. Group C antibodies, which are rare, are represented by the well known commercial MAb, ESH8, which blocks the release of VWF from fVIII following thrombin activation [22] .
We recently reported that non-classical Group BC/C antibodies are present in the plasmas of most human fVIII inhibitor patients [23] . Group BC antibodies have inhibitory titers on an equimolar basis that are usually at least 10-fold higher than classical anti-C2 antibodies. However, at saturating concentrations they produce residual fVIII levels of 20 -40%. Because fVIII levels in this range in the absence of inhibitory antibodies are sufficient for normal hemostasis, the question is raised whether non-classical anti-C2 antibodies are pathogenic. In this study, we compared the pathogenicity of type I and type II anti-C2 MAbs, along with an anti-A2 inhibitor, in an in vivo bleeding model.
Methods

Materials
Pooled citrated normal plasma (FACT) and fVIII deficient plasma were obtained from George King Biomedical (Overland Park, KS). Isoflurane (Hospira, Lake Forest, IL) and 0.9% sterile saline (Hospira, Lake Forest, IL) were obtained from the Emory University Hospital Pharmacy. All other materials were reagent grade or are described in the cited literature.
Recombinant fVIII
A recombinant B domain deleted (BDD) human fVIII construct, HSQ, was expressed from a baby hamster kidney-derived cell line as previously described [24, 25] . HSQ was purified from conditioned serum-free cell culture media using a two-step ion-exchange chromatography procedure as previously described [26] . Fractions were analyzed by one-stage coagulation assay as described previously [27] , absorbance at 280 nm, and sodium dodecyl sulfate polyacrylamide gel electrophoresis. The purity of the IgGs was judged to be greater than 90% by SDS-PAGE. The amino acid content was used to estimate the molar extinction coefficient and then the absorbance at 280 nm was used to estimate the concentration of the fVIII protein [28] . This concentration was used to calculate the specific activity in a one-stage coagulation assay.
Hemophilia A mice
Exon 16-disrupted (E16) hemophilia A mice in a C57BL/6 background were originally obtained from Dr. Leon Hoyer (American Red Cross, Holland Lab) and a breeding colony was established [29, 30] . In these experiments 8-12 week old male or female mice were used.
Anti-fVIII MAbs from anti-fVIII hybridomas
Murine anti-fVIII C2 domain MAbs were isolated as described previously [20] . IgG concentrations were calculated using an extinction coefficient at 280 nm of 1.37 (mg/ml) -1 cm -1 . 4A4 is a type I anti-A2 inhibitor that blocks the activation of factor X by the intrinsic pathway factor X activation complex and has an inhibitory titer of 40,000 Bethesda units (BU)/ mg IgG. I54 is a classical type I Group A anti-C2 inhibitor that has a specific inhibitory titer of 1300 BU/mg IgG. 1B5 is a classical type I Group B anti-C2 inhibitor that has a specific inhibitory titer of 930 BU/mg IgG. 2-77 and B45 are non-classical type II Group BC anti-C2 inhibitors that block the activation of fVIII, produce a residual fVIII level of 30-40% at saturating concentrations and have inhibitory titers of 25,000 and 21,000 BU/mg IgG, respectively. 2-117 is a non-classical Group C anti-C2 MAb with inhibitory activity less than 0.4 BU/mg IgG ( Table 1 ). All inhibitory titers were calculated using the Bethesda assay with buffered pooled normal plasma as the human fVIII source [20, 31] .
In vivo bleeding model
After determination of body weight, hemophilia A mice were placed on a heating pad for approximately 5 minutes to dilate the tail veins and then were injected with 140 μl of saline or 140 μl of 0.5 mg/kg MAb diluted in saline. At 15 min after the initial injection, mice were injected with 60 μl of 180 or 360 U/kg (∼0.02 -0.04 mg/kg) BDD human fVIII in sterile saline. The peak molar concentration of MAb in vivo was approximately ten-fold higher than the peak concentration of the higher dose of fVIII. At 110 min after the initial injection, anesthesia was induced with 3% isoflurane at a flow of 1000 ml/min using a RC 2 Rodent Circuit Controller (VetEquip®, Pleasanton, CA) and then decreased to 2% isoflurane at a flow rate of 500ml/ min. Tails were placed into a 15 ml conical tube containing 13 ml of normal saline at 37°C. At 120 min 4mm of the distal tail was transected using a scalpel. The tail then was placed into a new 15 ml conical tube filled containing 13 ml of saline at 37°C. Following the tail-snip, the anesthesia was reduced to 1.5% isoflurane and a flow rate of 500 ml/min which was maintained for the remainder of the experiment. The amount of blood loss into the tube in 40 minutes or at the time of death from hemorrhage was recorded as mg of blood loss per g of body weight.
In vivo recovery of fVIII
In some experiments, at 120 min after the fVIII injection mice were euthanized with carbon dioxide instead of a tail-snipping and a cardiac puncture was performed using a 22-gauge needle. Between 0.5-1.0 mL of blood was collected and anticoagulated with 3.8% (w/v) sodium citrate at a ratio of 1 volume to 9 volumes blood. Plasma was obtained by centrifugation and assayed for fVIII activity using the one-stage coagulation assay [27] in which BDD human fVIII diluted into E16 mouse plasma was the source of fVIII for the standard curve.
FVIII inhibitor assays
FVIII inhibitor titers were measured using the Bethesda assay [31] with the modifications previously described [32] . Recombinant BDD human fVIII was added to human fVIII deficient plasma at 1 U/ml and 3 U/ml and used as the source of fVIII activity. One Bethesda unit (BU) per ml is defined as the dilution of inhibitor that produces 50% inhibition of fVIII activity. At least 8 MAb concentrations were tested in duplicate and the resulting inhibition curve was fitted using the 4-parameter logistic equation to estimate the concentration of MAb producing 50% inhibition.
FVIII inhibitor titers were also measured with the Coatest® SP FVIII kit (Chromogenix, Lexington, MA). Briefly, 25 μl of buffered normal pooled human plasma was incubated for 2 hours at 37°C with 25 μl of MAb diluted in 0.15 M NaCl, 20 mM HEPES, 0.05% (w/v) Tween 80, pH 7.4 (HBS/Tween) or with 25 μl of HBS/Tween as the control. A standard curve based on serial dilutions of pooled normal plasma was used. FVIII levels were measured in triplicate for each sample using the methods of the Coatest® SP FVIII kit.
Statistics
Comparisons between groups were made using the Mann-Whitney U test and SigmaStat version 3.5 (Systat, Port Richmond, CA). A P value of less than 0.05 was considered statistically significant.
Results
Non-classical anti-C2 MAbs behave differently in one-stage and chromogenic fVIII assays
Inhibitory activity of MAbs toward BDD human fVIII was determined using both the onestage coagulation assay as well as a chromogenic assay. The type I anti-A2 MAb, 4A4, produced 50% inhibition of fVIII activity at similar concentrations in both assays: 0.1 μg/ml and 0.05 μg/ml in the Bethesda and chromogenic assays, respectively (Fig. 1) . Similarly, BO2C11, a classical type I Group AB anti-C2 antibody [15, 20] produced 50% inhibition of fVIII activity at similar concentrations in both assays, 0.05 μg/ml and 0.1 μg/ml in the Bethesda and chromogenic assays, respectively (data not shown). In contrast, the non-classical type II MAb 2-77 produced 50% inhibition at 0.2 μg/ml in the Bethesda assay but did not produce 50% inhibition at concentrations as high as 0.8 mg/ml in the chromogenic assay. Increasing the concentration of fVIII to 3 U/ml in the one-stage assay shifted the 4A4 and 2-77 inhibition curves to the right as expected given the increased amount of antibody necessary to produce inhibition. At both concentrations of fVIII, there was 40% residual fVIII activity at saturating concentrations of 2-77.
Non-classical anti-C2 antibodies are pathogenic in an in vivo bleeding model
An in vivo bleeding model was established in which blood loss following a 4 mm tail-snip was used to determine the bleeding phenotype in hemophilia A mice injected with BDD human fVIII and various anti-fVIII MAbs. A total of 135 hemophilia A mice aged 8-12 weeks received intravenous injections of MAb, followed 15 minutes later by intravenous injection of fVIII or saline control. Nine mice were excluded from the analysis secondary to missed injections or 4 mm tail-snips falling over a scarred portion of the tail or a large kink in the tail. There were between 8 and 14 mice in each group. Mean blood loss in saline control mice was 32.2 mg/g body weight (Fig. 2) . In contrast, 9 of 10 mice that received no MAb and 180 U/kg fVIII bled less than 5 mg/g body weight. There was a significant decrease in bleeding between the mice that received fVIII compared to the saline control group (P = 0.003).
Once the amount of fVIII needed to correct the bleeding phenotype of the hemophilia A mice was established, saturating concentrations of MAbs were injected, followed by injection of fVIII (Fig. 2) . MAb 4A4 was pathogenic, producing a mean blood loss of 27.5 mg/g body weight that was significantly higher than mice that received fVIII and no MAb (P = 0.003)), but not significantly different than the saline controls that received no fVIII (P = 0.74) The classical type I anti-C2 inhibitors, I54 and 1B5, also were pathogenic, producing mean blood losses of 33.2 and 29.8 mg/g body weight (P = 0.005 and P = 0.003, respectively), but not significantly different than the saline controls (P = 0.72 for both groups) The non-classical type II anti-C2 inhibitors, 2-77 and B45, also were pathogenic, producing mean blood losses of 31.0 and 20.5 mg/g body weight (P = 0.01 and P = 0.004, respectively), which was not significantly different than saline control mice (P = 0.86 and P = 0.11, respectively). The non-classical Group C MAb, 2-117, was not pathogenic, producing a mean blood loss of 7.3 mg/g body weight (P = 0.14). Thus, all MAbs except 2-117 significantly increased blood loss compared to mice injected only with fVIII.
The pathogenicity of non-classical anti-C2 antibodies is overcome with higher doses of fVIII
A higher dose (360 U/kg) of fVIII was given to hemophilia A mice in an attempt to overcome the pathogenicity of MAbs which caused significant bleeding at a lower dose of 180 U/kg. The peak plasma concentrations of MAbs remained over 10-fold higher than the plasma concentration of fVIII at this dose. The higher fVIII dose failed to correct the bleeding produced by the anti-A2 MAb 4A4 or the classical anti-C2 MAb I54. The classical MAb 1B5 had a slight decrease in blood loss from 29.8 to 25.3 mg/g body weight but this was not statistically significant (P = 0.7) (Fig. 3) . In contrast, the bleeding produced by the non-classical anti-C2 inhibitors 2-77 and B45 was significantly less at the higher dose of fVIII (P = 0.04 and P = 0.004, respectively).
FVIII recovery correlates with bleeding phenotype
Residual fVIII levels were evaluated for hemophilia A mice injected with saturating concentrations of MAb followed by fVIII at doses ranging from 0-360 U/kg (Fig. 4) . 4A4 completely inhibited fVIII throughout the dose range. In contrast, there was a dose-dependent increase in fVIII recovery in mice treated with the non-classical inhibitors, 2-77 and B45.
Discussion
In this study, we found that type II non-classical anti-C2 antibodies, as well as type I anti-A2 and classical anti-C2 inhibitors, are pathogenic in a murine tail snip model (Fig. 2) . Nonclassical antibodies produce similar amounts of blood loss as type I inhibitors despite the fact that substantial residual fVIII activity remains at saturating antibody concentrations. For example, there is 40% residual fVIII activity at saturating concentrations of 2-77 at nominal fVIII concentrations of 1 or 3 U/ml in the one-stage coagulation assay (Fig. 1A ). An anti-C1 antibody, MAb-LE2E9, with similar in vitro characteristics has also been described [33] . This behavior is consistent with that of acquired hemophilia patients who have type II inhibitors and a bleeding diathesis in the presence of substantial fVIII activity. Our recent discovery of the presence of non-classical Group BC/C anti-C2 antibodies in the plasmas of most inhibitor patients [23] suggests that these antibodies may be a dominant population in many patients with acquired hemophilia.
The Bethesda assay, as originally described [31] , is based on the one-stage coagulation assay and is a sensitive and specific test in the diagnosis of clinically significant fVIII inhibitors. The chromogenic fVIII assay also is used in some clinical laboratories to test for fVIII inhibitors and frequently produces results that are discordant with respect to the one-stage assay (Meeks, S.L and Lollar, P., unpublished observations). In the present study, MAb 2-77 produced significant bleeding despite having an undetectable inhibitor titer in the chromogenic inhibitor assay, although it is a high-titer inhibitor in the one-stage assay (Fig. 1B) . These results indicate that the chromogenic assay is not a suitable replacement for the one-stage assay in the measurement of fVIII inhibitors.
Although the Bethesda assay is useful for the detection of clinically significant fVIII inhibitors, the inhibitor titer and the residual fVIII activity in the plasma are not necessarily good predictors of clinical severity [34] . For example, fVIII levels and inhibitor titers at presentation were not predictive of the severity of bleeding events in a recent observational study of patients with acquired hemophilia in the United Kingdom [35] . In that study, the median fVIII level was 4% in those with a fatal bleeding event compared to 3% in patients who did not require treatment for their bleeding symptoms. Initial inhibitory titers were similar in both groups with medians of 7.2 and 7 BU/ml, respectively. Interestingly, in our bleeding model the non-classical MAbs produced a bleeding phenotype at a fVIII dose of 180 U/kg despite a recovery of ∼1U/ml fVIII at the time of cardiac puncture. The bleeding phenotype was corrected at a fVIII dose of 360 U/kg, which corresponds to a recovery of ∼3U/ml of fVIII. Thus, saturating concentrations of non-classical MAbs evidently decrease fVIII function in vivo more than in vitro.
Dosing formulas have been developed to estimate the amount of fVIII needed to saturate a low titer inhibitor and obtain a clinical response to fVIII. One example is total fVIII infused is equal to the dose needed to saturate the inhibitor (plasma volume in ml × inhibitor titer) plus the dose of fVIII desired to treat the bleeding episode [36] . However, it has also been reported that patients with high-titer inhibitors have had a clinical response to high doses of fVIII despite being given significantly less fVIII than would be needed to bind all circulating anti-fVIII antibody [37] . These examples underscore the need for the investigation into the correlation between in vitro and in vivo assessments of fVIII activity and inhibitors.
The pathogenic mechanism of action of non-classical anti-C2 antibodies is not known. MAb 2-77 inhibits the activation of fVIII by thrombin or factor Xa and has little, if any, ability to inhibit activated fVIII [20] . During the one-stage coagulation assay, fVIII initially is activated by thrombin or factor Xa relatively slowly until sufficient thrombin or factor Xa are formed to produce rapid feedback activation. In contrast, in the chromogenic assay, exogenous thrombin is added to rapidly activate fVIII. Thus, the one-stage assay is potentially more sensitive than the chromogenic assay to the presence of inhibitors that interfere with the activation of fVIII. One explanation for the pathogenicity of non-classical anti-C2 antibodies is that hemostasis in vivo may be even more sensitive to inhibition of fVIII activation than the one-stage coagulation assay.
An important finding in this study is that the pathogenicity of high-titer non-classical anti-C2 inhibitors can be overcome by increasing the dose of fVIII (Fig. 3) . In contrast, classical type I anti-C2 inhibitors continued to produce bleeding at the higher dose of fVIII. Patients with congenital hemophilia often develop a polyclonal antibody response to fVIII that is dominated by type I inhibitors. In contrast, patients with acquired hemophilia often have type II inhibitors and a more limited epitope spectrum [7] . Historically, patients with high-titer inhibitors usually have been treated with bypassing agents, such as FEIBA™ or recombinant factor VIIa, or porcine fVIII. These agents are selected because of high anti-fVIII inhibitor titers or, in the case of patients with acquired hemophilia, bleeding in the presence of detectable fVIII levels. Our results suggest that high-dose fVIII should be considered more actively in patients with inhibitor responses dominated by non-classical anti-C2 antibodies, especially in those patients who respond poorly to FEIBA™ or recombinant factor VIIa. This requires further clinical investigation.
Fig. 1. In vitro inhibition of fVIII by MAbs 4A4 and 2-77
FVIII was reconstituted into hemophilia A plasma at the indicated concentrations and the inhibition of fVIII by MAbs 4A4 (triangles) or 2-77 (circles) was measured by (A) one-stage coagulation assay and (B) chromogenic assay as described in Methods. The curves represent 4-parameter logistic fits to the data.
Fig. 2. Bleeding produced by anti-fVIII MAbs in a murine tail snip model
Blood loss in hemophilia A mice following tail snipping was measured in the presence and absence of injections of 180 U/kg (0.02 mg/kg) BDD human fVIII and 0.5 mg/kg murine antihuman fVIII MAbs as described in Methods. The asterisk indicates MAbs with significantly more bleeding than control mice treated with fVIII but no MAb.
Fig. 3. Antibody-dependent blood loss in hemophilia A mice as a function of fVIII dose
Blood loss in hemophilia A mice following tail snipping was measured after injections of 180 U/kg ("Lo") or 360 U/kg ("Hi") BDD human fVIII and 0.5 mg/kg murine anti-human fVIII MAbs as described in Methods. The asterisk indicates a significant difference in bleeding between groups.
Fig. 4. In vivo recovery of fVIII in the presence of saturating concentrations of MAb
Blood was obtained by cardiac puncture 120 min after injection of BDD human fVIII to the indicated peak plasma concentrations and injection of 0.5 mg/kg of MAb4A4 (triangles), 2-77 (squares), B45 (diamonds) or saline control (circles). FVIII recovery was determined one-stage coagulation assay as described in Methods. Error bars represent SEM (n = 2-10 per group).
